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a b s t r a c t

Over the past decade considerable efforts have been put by many fuel designers to develop low enriched
uranium (LEU < 20%U235) base U–Mo alloy as a potential fuel for core conversion of existing research and
test reactors which are running on high enriched uranium (HEU > 85%U235) fuel and also for the upcom-
ing new reactors. U–Mo alloy with minimum 8 wt% molybdenum shows excellent metastability with
cubic �-phase in cast condition. However, it is important to characterize the decomposition behaviour
of metastable cubic �-uranium in its equilibrium products for in reactor fuel performance point of view.
The present paper describes the phase transformation behaviour of cubic �-uranium phase in U–Mo
alloys with three different molybdenum compositions (i.e. 8 wt%, 9 wt% and 10 wt%). U–Mo alloys were
-ray diffraction
lloy and microstructure

prepared in an induction melting furnace and characterized by X-ray diffraction (XRD) method for phase
determination. Microstructures were developed for samples in as cast condition. The alloys were hot
rolled in cubic �-phase to break the cast structure and then they were aged at 500 ◦C for 68 h and 240 h,
so that metastable cubic �-uranium will undergo eutectoid decomposition to form equilibrium phases
of orthorhombic �-uranium and body centered tetragonal U2Mo intermetallic compound. U–Mo alloy

geing
samples with different a
microstructure.

. Introduction

Due to concern on nuclear proliferation and diversion the
educed enrichment for research and test reactor (RERTR) pro-
ramme was initiated in US in the late-1970s with the development
f new fuels that will allow the use of low enriched uranium
LEU < 20%U235) in the world’s research and test reactors that were
ueled by high enriched uranium (HEU > 85%U235) and also in the
o be built research and test reactors [1]. Developing nuclear fuel
ycle based on LEU means either one has to increase the fuel load-
ng in the meat or develop high density uranium compounds/alloys
o compensate the lower enrichment. The two most common fuel
abrication processes to make LEU fuel without significant alter-
tion in the fuel core configuration in the reactor are namely roll
onding process for plate geometry and extrusion process for rod or
ube geometry [2–4]. Roll bonding process is suitable for fuel parti-
le loading up to around 55 vol% and extrusion method is likely to

ave a lower maximum fuel particle volume limit than roll bonding
5,6]. Due to limitation on the increase of fuel volume fraction in the
uel meat, the only other option is to increase the heavy metal (i.e.
ranium) density of the fuel itself. It has been demonstrated that
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history were then characterized by XRD for phase and development of
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aluminium base dispersion fuel with U3Si2 as fuel material is very
successful in converting reactor cores which requires fuel element
loading of up to about 5 g U cm−3 [7,8]. However, still higher ura-
nium density fuel compounds/alloys are required to be developed
to fulfill the objective of developing a fuel system which can achieve
a heavy metal density of 8–9 g U cm−3, as many of the researchers
wanted to develop a neutron source with high thermal neutron
flux density for superior quality experiments [9]. The use of higher
uranium density compounds like U3Si and U6Me where Me can be
Fe, Ni, Mn, Co or Ge were proved unsuccessful for dispersion fuel
application because they exhibit high swelling rate (break away
swelling) even at relatively low burnups [10–12].

Uranium metal density of the order of 8–9 g U cm−3 in the fuel
meat can be achieved with the use of pure uranium metal or ura-
nium alloys as dispersoids. The room temperature phase of pure
uranium (i.e. �-uranium having orthorhombic crystal structure)
shows very poor irradiation stability (even under low burnups
and high temperature irradiation conditions) due to cavitational
swelling under irradiation and thermal growth under power ramp-
ing which makes it unsuitable as fuel [13–15]. On the other hand
the high temperature phase of pure uranium (i.e. �-uranium having

body centered cubic crystal structure) is quite stable under irradia-
tion than �-uranium since swelling takes place here mainly due to
fission gas nucleation and growth mechanism. Thermodynamically
high temperature pure cubic �-uranium is not stable under prepa-
ration and irradiation condition. However, there are some alloying

dx.doi.org/10.1016/j.jallcom.2010.06.187
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. Uranium–molybdenum phase diagram.
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Fig. 2. Photograph of (a) uranium metal pellets and (b) molybdenum metal pieces.

Table 1
Weights of starting constituent elements and cast U–Mo alloys.

Composition of U–Mo alloy Uranium weight (g) Molybdenum weight (g) U–Mo alloy ingot weight (g)

5.46 68.87
6.41 71.24
7.40 74.53
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U–10 wt%Mo) have been prepared by induction melting route. The
as cast alloy samples were then hot rolled in the � region of U–Mo
phase diagram to break the cast structure and were cooled to room
temperature. These alloy samples were heat treated at 500 ◦C for
U–8 wt%Mo 63.4
U–9 wt%Mo 64.79
U–10 wt%Mo 67.11

lements which can make the high temperature pure �-uranium
etastable at room temperature. Several transition metals, partic-

larly from Group IVA to Group VIIIA of periodic table form solid
olution with �-U, which can be retained as metastable phase at
oom temperature upon cooling. The stabilizing power of these ele-
ents increases with their atomic number since more and more

-electrons will participate in bonding due to hybridization with s
nd p orbital electrons. However, their solubility will decrease as
he size difference with uranium atom increases. In fact the increase
n bond strength with the increase in atomic number of transition
lements will promote the formation of intermetallic compound
ather than a solid solution. The uranium alloys which have a ten-
ency to form stable cubic phase at room temperature are U–Zr,
–Mo, U–Nb, U–Re, U–Ru, U–Ti, etc. [16]. The first two transition
lements of 4d series (i.e. Zr and Nb) will form complete solid
olution with �-uranium. But to retain the 100% �-phase at room
emperature, large concentration of these elements are required
o be added in the alloy. On the other extreme Pd and Pt have only
2 at% solubility in �-uranium and these alloying elements will give
ery stable intermetallic compounds with uranium. It was earlier
ecognized that molybdenum is a good compromise for the two
xtremes mentioned above [17].

In uranium molybdenum system below 560 ◦C the �-phase can
xist only in a metastable state because under equilibrium cool-
ng below 560 ◦C, the cubic �-phase with the space group Im3m

ill break into orthorhombic �-phase of space group Cmcm and
ody centered tetragonal �′-phase (U2Mo) of space group I4/mmm
see Fig. 1). Therefore, the prospect of using a U–Mo alloy as reac-
or fuel is closely connected with the possibility of retaining a

etastable �-phase in alloys at temperature below 560 ◦C during
uel fabrication and irradiation. The metastable cubic �-phase can
e retained below 560 ◦C either by rapid cooling from �-phase field
r by adding sufficient quantities of molybdenum as alloying ele-
ent in uranium under normal furnace cooling condition. It has

een reported that U-alloys with maximum 11 at% Mo when water
uenched from �-phase field will transform into metastable �′ and
′′ phases, which are slight variant of the orthorhombic lattice of
-U. Alloys containing 11.39–12.73 at% Mo, when water quenched
ill form an ordered �◦-phase with an ordered tetragonal struc-
ure [18–22]. Hence water quenched uranium alloys containing up
o about 11 at% Mo are termed as “alpha phase” alloys and with

ore than 11 at% Mo as “gamma phase” alloys.
In connection with dispersion fuel development work at

ARC, R & D efforts are on to develop high density ura-
Fig. 3. Photograph of as cast U–Mo alloy ingots.

nium alloys/compounds to fulfill certain departmental objective
[17,23,24] and also address the international concern on prolif-
eration. Under this programme U–Mo alloys with three different
molybdenum compositions (i.e. U–8 wt%Mo, U–9 wt%Mo and
Fig. 4. Photograph of copper jacketed as cast U–Mo alloy samples.
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Fig. 5. Photograph of rolled copper jacketed U–Mo alloy samples (a) U–8 wt%Mo, (b) U–9 wt%Mo and (c) U–10 wt%Mo.

Table 2
Description of etchants used for U–Mo alloys after rolling and ageing.

Composition of alloy Etchant composition and process details

1
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8 wt% molybdenum addition in uranium as solute in as cast condition. The copper
jacketed pieces were then hot rolled to reduce the ingot cross-section by more than
50% to get 50% hot working condition in the alloy samples (see Fig. 5). Then the
U–Mo alloy ingots were dejacketed from copper casing and the hot worked alloy
pieces were cleaned in an ultrasonic cleaner.
Rolled U–8 wt%Mo, U–9 wt%Mo and U–10 wt%Mo

Aged U–8 wt%Mo, U–9 wt%Mo and U–10 wt%Mo

ifferent durations so that �-phase of uranium will undergo eutec-
oid decomposition to form equilibrium composition of �-uranium
nd U2Mo intermetallic. The heat treated alloy samples were then
haracterized by XRD for phase analysis and microstructure was
eveloped for each U–Mo alloy with different heat treatment his-
ory. The lattice parameter of �-phase of U–Mo alloys with three
ifferent molybdenum compositions in as cast, hot rolled and after
eat treated condition were calculated and reported in the paper.
he lattice parameter of �-phase has also been calculated for heat
reated U–Mo alloys and reported. The precise lattice parame-
er calculation was done using CELREF programme [25]. Optical

icrostructures of various U–Mo alloys were also evaluated by
mage analysis for quantifying different phases present.

. Experimental work

.1. Alloy preparation

U–Mo alloys were prepared in an induction furnace with cylindrical uranium
etal pellets (shown in Fig. 2(a)) and molybdenum metal pieces (shown in Fig. 2(b))

s starting material. Chemical analysis of uranium metal pellets and molybdenum
etal pieces shows 99.9 wt% ‘U-content’ and 99.8 wt% ‘Mo-content’, respectively.
ranium metal pellets were cleaned electrochemically using orthophosphoric acid
s electrolyte in a stainless steel container with 20 V of DC supply while molybdenum
etal pieces were cleaned in an ultrasonic cleaner. Uranium metal pellets with

ypical dimension of 12 mm diameter and around 10 mm in length were charged in
ttria coated graphite crucible along with molybdenum metal pieces with around
.5 mm diameter and 2.5 mm in length in required proportion. The crucible was

oaded in an induction furnace and was flushed thrice with ultra high purity argon
as to remove any traces of oxygen. The furnace was heated up to a temperature

f 1300 ± 10 ◦C with 30 min of soaking under vacuum of 10−5 mbar. The molten
lloy was then furnace cooled to room temperature and ingot of U–Mo alloy was
aken out by cleaning the graphite crucible in an ultrasonic cleaner. Three types of
–Mo alloys with different molybdenum percentage (i.e. U–8 wt%Mo, U–9 wt%Mo
nd U–10 wt%Mo) were prepared by the same method (see Fig. 3). The U–Mo alloy
ngots thus prepared were of typical dimension of around 15 mm diameter and
part orthophosphoric acid, 2 part H2SO4 and 2 part H2O. Used as
hemical etchant, freshly polished sample is attacked with few drops.
part orthophosphoric acid and 100 part H2O. 2–2.5 V open circuit,

tainless steel cathode is used for electrolytic etching.

40 mm length. The final weight of all alloy ingots was recorded and is shown in
Table 1.

2.2. Hot rolling

Cast U–Mo alloy samples were then subjected to hot rolling operation to break
the as cast structure for which the ingots were jacketed in copper casing (see Fig. 4).
The copper jacketed alloy ingots were heated in a resistance heating furnace at
900 ◦C which is the �-phase region in U–Mo phase diagram (see Fig. 1) and 100%
metastable cubic �-phase can be retained at room temperature with the minimum
Fig. 6. Photograph of quartz encapsulated U–Mo alloy pieces.
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ig. 7. X-ray diffraction pattern of as cast alloy (a) U–8 wt%Mo, (b) U–9 wt%Mo and

.3. Ageing

After hot working the U–Mo alloy ingots were encapsulated in quartz tube under
he partial pressure of helium (see Fig. 6). The U–Mo alloy ingots were then aged in a

esistance heating furnace at 500 ◦C for 68 h and 240 h so that �-phase will undergo
utectoid decomposition to form equilibrium �-phase and U2Mo intermetallic. Two
ets of quartz encapsulated U–Mo pieces were prepared for two different ageing
reatments. The aged alloy pieces were then taken out by breaking the quartz tube
t room temperature.

able 3
recise lattice parameter and lattice volume of orthorhombic �-uranium in aged U–Mo a

Composition of alloy Precise lattice parame

a

Unalloyed �-uranium at RT 2.8540
U–8 wt%Mo after ageing for 68 h at 500 ◦C 2.8533
U–8 wt%Mo after ageing for 240 h at 500 ◦C 2.8528
U–9 wt%Mo after ageing for 68 h at 500 ◦C 2.8528
U–9 wt%Mo after ageing for 240 h at 500 ◦C 2.8563
U–10 wt%Mo after ageing for 68 h at 500 ◦C 2.8519
U–10 wt%Mo after ageing for 240 h at 500 ◦C 2.8542
10 wt%Mo; hot rolled alloy (d) U–8 wt%Mo, (e) U–9 wt%Mo and (f) U–10 wt%Mo.

2.4. Characterization

After rolling and ageing treatment the cast U–Mo alloy samples were character-
ized by XRD for phase determination. XRD sample was prepared by cutting a disk

of around 15 mm diameter and 2 mm thickness from the alloy ingots in SiC cut-off
wheel. The disks were then mounted and polished by 2 �m diamond paste in stan-
dard metallographic set up to get good surface finish. The polished samples were
then scanned in standard theta–theta XRD equipment with a scan rate of 0.5◦ per
minute. Standard source of Cu K� radiation with curved graphite monochromater

lloys.

ter of �-uranium ( ´̊A) Lattice volume ( ´̊A3)

b c

5.8700 4.9550 83.0110
5.8595 4.9549 82.8405
5.8628 4.9560 82.8911
5.8607 4.9565 82.8696
5.8658 4.9541 83.0034
5.8638 4.9546 82.8556
5.8606 4.9601 82.9692
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Table 4
Precise lattice parameter and lattice volume of cubic �-uranium in hot rolled U–Mo alloys.

Composition of alloy Precise lattice parameter of �-uranium ( ´̊A) Lattice volume ( ´̊A3)

41.9266
40.8213
40.3818
39.7950

a
a
g
p
a

w
a
g
p
d
a

3

r
M
c
e
f
r
t
b
s
i
i
c
s
i
t
o
s
a
t
p
c
T
t

3

a
t
p
U
r
t
(
a
p
�
p
l
U
U
s
a

Unalloyed �-uranium 3.4740
Rolled U–8 wt%Mo 3.4432
Rolled U–9 wt%Mo 3.4308
Rolled U–10 wt%Mo 3.4141

nd sealed proportional counter was used in the machine. Instrument was operated
t 1 kW with tube voltage and tube current at 35.0 kV and 28.4 mA, respectively, to
enerate XRD patterns for all the U–Mo alloy samples. By using CELREF programme
recise lattice parameter was calculated for each cast alloy sample after rolling and
geing treatment.

Microstructure was also developed for each alloy composition after rolling and
ith different ageing history. Samples were cut to size of around 15 mm diameter

nd 4 mm thickness by using SiC cut-off wheel. The disks were mounted and then
rinding and polishing was done for each sample using standard metallographic
rocedures to get scratch free surface. The polished samples were then etched to
evelop desired microstructure. Different etchants were used for as cast, rolled and
ged U–Mo alloy samples (see Table 2).

. Results and discussion

In uranium molybdenum alloys the cubic �-phase can be
etained at room temperature with the addition of minimum 8 wt%
o under furnace cooling condition and with 10 at% Mo under

ritical cooling conditions [19]. However, it is very important to
xamine the metastability of cubic phase at higher temperatures
or better understanding of fuel behaviour and performance in
eactor. It is seen from the U–Mo phase diagram (see Fig. 1) that
he cubic phase is stable above 560 ◦C but as the temperature go
elow this critical temperature it will undergo eutectoid decompo-
ition to form orthorhombic �-phase and body centered tetragonal
ntermetallic compound U2Mo. The classification of U–Mo alloys
n respect to their eutectoid decomposition becomes more appre-
iable as orthorhombic �-phase of uranium has very little solid
olubility for molybdenum and this phase does not have good
rradiation properties. This is very much evident from the fact
hat the �-phase is formed due to the eutectoid decomposition
f �-phase after ageing of U–Mo alloys which does not show any
ignificant change in the lattice parameter (see Table 3). U–Mo
lloy ingots were hot rolled before doing the ageing treatment so
hat no artefacts are there during microstructural evaluation. The
recise lattice parameter of hot rolled U–Mo alloy samples were
alculated and compared with that of cast structure samples (see
able 4) which shows complete recrystallization of � grains during
he process.

.1. Phase analysis

The XRD pattern of U–8 wt%Mo, U–9 wt%Mo and U–10 wt%Mo
lloy in as cast condition and hot rolled condition shows only
he presence of cubic �-phase (see Fig. 7). The presence of �-
hase in all the three compositions of hot rolled U–Mo alloys (i.e.
–8 wt%Mo, U–9 wt%Mo and U–10 wt%Mo) confirms the fact that

olling was performed in �-phase field and no oxygen pick up
ook place during the process. XRD pattern of U–8 wt%Mo alloy
see Fig. 8(a)), U–9 wt%Mo alloy (see Fig. 8(b)) and U–10 wt%Mo
lloy (see Fig. 8(c)) on ageing at 500 ◦C for 68 h clearly shows the
resence of orthorhombic �-phase, U2Mo intermetallic and cubic
-phase. It is also seen from their XRD pattern that the relative
eak intensity for orthorhombic �-phase and U2Mo intermetallic is
ow with the increase of molybdenum content. The XRD pattern of
–8 wt%Mo alloy (see Fig. 9(a)), U–9 wt%Mo alloy (see Fig. 9(b)) and
–10 wt%Mo alloy (see Fig. 9(c)) on ageing at 500 ◦C for 240 h also

hows the presence of orthorhombic �-phase, U2Mo intermetallic
nd cubic �-phase. The relative peak intensity of eutectoid decom-

Fig. 8. X-ray diffraction pattern of aged U–Mo alloy at 500 ◦C for 68 h (a) U–8 wt%Mo,
(b) U–9 wt%Mo and (c) U–10 wt%Mo.
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ig. 9. X-ray diffraction pattern of aged U–Mo alloy at 500 ◦C for 240 h (a)
–8 wt%Mo, (b) U–9 wt%Mo and (c) U–10 wt%Mo.

osed product is low with the increase of molybdenum content in
ranium. It is also seen that the peak sharpness of cubic �-phase in
ase of U–Mo alloys aged for 240 h is more as compare to the aged
–Mo alloys for 68 h, which means that the cubic �-phase is more
omogeneous in terms of molybdenum distribution after 240 h of
eat treatment as compare to 68 h of heat treatment.
.2. Calculation of precise lattice parameter

CELREF programme was used for the calculation of precise lat-
ice parameter of cubic �-uranium unit cell for each U–Mo alloy.
Fig. 10. Microstructure of hot rolled U–Mo alloy (a) U–8 wt%Mo, (b) U–9 wt%Mo and
(c) U–10 wt%Mo.

The programme uses method of least squares to determine for cell
refinement [25]. The precise lattice parameter thus calculated for
orthorhombic �-phase and cubic �-phase for all the three compo-
sitions after hot rolling, and ageing treatment is shown in Table 3. It
can be seen that there is not much change in the lattice parameter

of orthorhombic �-phase even after ageing it for 68 h and 240 h,
indicating that the solid solubility of molybdenum in �-uranium at
room temperature remains same (around 1 at%).
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Fig. 11. Microstructure of aged U–Mo alloy at 500 ◦C for 68 h (a and b) U–8 wt%Mo, (c and d) U–9 wt%Mo and (e and f) U–10 wt%Mo.
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.3. Microstructural analysis

The microstructure of hot rolled U–8 wt%Mo alloy (see
ig. 10(a)), U–9 wt%Mo alloy (see Fig. 10(b)) and U–10 wt%Mo alloy
see Fig. 10(c)) shows equiaxed grains of cubic �-uranium and
o second phase is visible along the grain boundary. Presence of
quiaxed grains reveals that dendritic structure was broken during
ot rolling stage and the strains induced during rolling was com-
letely removed due to recrystallization. Microstructure of aged
–8 wt%Mo alloy (see Fig. 11(a)) after 68 h of heat treatment at
00 ◦C shows the formation of second phase all along the prior

amma grain boundary which is more evident in Fig. 11(b). The
icrostructure of aged U–9 wt%Mo alloy for same 68 h of heat treat-
ent at 500 ◦C shows the partial eutectoid decomposition of cubic

-phase in the equilibrium products (see Fig. 11(c) and (d)). The
bright region in the microstructure can be seen as �-phase and
the dark region (i.e. lamellar portion) as the decomposed product.
Microstructure of aged U–10 wt%Mo alloy (see Fig. 11(e) and (f))
after 68 h of heat treatment at 500 ◦C again shows the bright region
as untransformed cubic phase and the dark region as the product
formed after eutectoid reaction.

The microstructure of aged U–8 wt%Mo alloy (see Fig. 12(a) and
(b)), U–9 wt%Mo alloy (see Fig. 12(c) and (d)) and U–10 wt%Mo
alloy (see Fig. 12(e) and (f)) after 240 h of heat treatment at 500 ◦C
shows the extent of eutectoid reaction which has taken place in
cubic �-phase. The microstructures are the clear indication of the

fact that U–8 wt%Mo alloy almost completely transforms to equi-
librium products after heat treatment while U–9 wt%Mo alloy and
U–10 wt%Mo alloy shows more resilience towards the decomposi-
tion of �-phase in to equilibrium products.
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Fig. 12. Microstructure of aged U–Mo alloy at 500 ◦C for 240 h (a

. Conclusion

From the experiments and results obtained it can be concluded
hat though the retention of cubic �-phase can be done with the

inimum addition of 8 wt%Mo as solute in uranium under fur-
ace cooling condition, the cubic phase metastability is a function
f molybdenum content in uranium. The extent of untransformed
ubic �-phase is more with the increase of molybdenum content
n uranium which makes U–10 wt%Mo alloy more favoured one
rom the point of view of fuel performance during reactor oper-
tion. Another observation is the extent of eutectoid reaction in
–9 wt%Mo alloy is not as much as in case of U–8 wt%Mo alloy.
ence the choice of composition of U–Mo alloy for use as a fuel

aterial in reactor depends on the extent one can tolerate molyb-

enum in uranium due to its higher parasitic neutron capture
ross-section. It can also be concluded from the current study that
he time given for the ageing treatment in U–Mo alloys finally deter-

ines the homogeneity of molybdenum in cubic �-phase. The XRD
) U–8 wt%Mo, (c and d) U–9 wt%Mo and (e and f) U–10 wt%Mo.

patterns of various U–Mo alloys in Fig. 8 shows the broadening of
�-phase peak which means, the cubic phase is very inhomogeneous
with respect to molybdenum. The XRD patterns of U–Mo alloys in
Fig. 9 shows that the �-phase peaks are relatively sharper indicating
240 h of ageing led to more homogeneity of Mo in cubic �-phase. It
can also be observed from the present study that no broadening of
XRD peaks has taken place in case of �-phase during different soak-
ing times for U–Mo alloys. This is very much expected because the
maximum solid solubility of molybdenum in �-phase uranium is
very low (i.e. around 1 at% at room temperature under equilibrium
conditions).
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